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Summary. The tail bud of amniote embryos comprises
a mass of apparently undifferentiated mesenchymal cells
located at the caudal limit of the embryo, representing
the remains of Hensen’s node and the primitive streak.
These cells have the potential to give rise to a variety
of different tissues including the posterior or ‘secondary’
neural tube, the tail gut, and somites and their deriva-
tives. This seemingly homogeneous accumulation of cells
therefore has the capacity to differentiate into tissues
which in more cranial regions of the embryo are derived
from cells of different germ layers. In this review, the
tissue contributions of the tail bud in various vertebrate
classes are discussed, with particular attention to the
mesenchymal-to-epithelial transformation that charac-
terizes the process of secondary neurulation, and which
distinguishes it from the epithelial folding that occurs
during primary neurulation in more cranial regions. Re-
cent studies suggest that the transformation is accompa-
nied by extensive changes in the cell surface oligosac-
charide complement of the differentiating cells, and that
the sialyted form of N-CAM is expressed both temporal-
ly and spatially in a manner that suggests a role for
it in the process. The pluripotential nature of the tail
bud mesenchyme may be revealed experimentally by
grafting the tissue ectopically, or by culturing it on dif-
ferent substrata. In the latter case, the mesenchyme can
be demonstrated to give rise to myocytes, chondrocytes,
neuroepithelium and neural crest derivatives such as me-
lanocytes, depending on the nature of the culture sub-
stratum. It is concluded that the tail bud mesenchyme
represents a developing system which is readily amenable
to experimentation and should provide insights into the
general mechanisms of cell differentiation and transfor-
mation.
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Introduction

Holmdahl (1925 a, b, ¢) first hypothesized that the devel-
opment of the body of vertebrate embryos occurs in
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two distinct and separate phases. The first phase, prima-
ry body development, ‘primirer Koérperentwicklung’,
results in the establishment of the three classical germ
layers of embryology through the process of gastrula-
tion. The early amniote embryo is a two-layered struc-
ture, comprising an epiblast and an endoblast. During
gastrulation, epiblast cells invaginate at the midline to
form a primitive streak. Involution of cells through the
primitive streak gives rise to the mesoderm. The anterior
and greater portions of axial organs such as the neural
tube, notochord and primitive gut, are examples of ‘pri-
mary body-derived’ structures.

Subsequent to ‘primary body development’, second-
ary body development, ‘sckunddrer Kdrperentwick-
lung’, occurs with the formation of an undifferentiated
masss of mesenchymal cells, the tail bud (or end bud),
at the caudal limit of the embryo. The tail bud gives
rise to the secondary portion of the body, which includes
caudal axial structures such as the caudal or secondary
neural tube, tail gut and possibly the notochord. It also
forms the caudal-most somitic derivatives: the vertebral
column and associated musculature. These tissues in
‘primary body-derived’ regions would have arisen from
all three germ layers.

In this review, the differentiation of the tail bud in
different vertebrate classes and its contribution towards
various caudal structures of the body, particularly the
caudal or secondary neural tube will be discussed. We
will also examine what is known about the factors that
affect the differentiation of the tail bud, focusing mainly
on the macromolecules of the cell surface and extracellu-
lar matrix, as these are known to have profound effects
on cellular differentiation during embryogenesis.

Development of the tail bud: secondary neurulation

The tail bud is an aggregate of mesenchymai cells located
at the caudal limit of vertebrate embryos, just distal to
the location of the posterior neuropore (the last part
of the neural folds to undergo midline fusion). In birds
and in mammals at least, these mesenchymal cells repre-
sent the coalescence between the remains of Hensen’s
node and the remains of the primitive streak at the end
of gastrulation. ‘
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Fig. 1. Caudal region of HH-stage 15 chick embryo, showing the
position of the tail bud at the caudal limit of the closing posterior
neuropore (p). Serial sections were taken in a caudal to cranial
sequence (24 to 2F). As secondary neurulation proceeds in a cranial
to caudal fashion, these sections (shown in Fig. 2A-F) represent
increasingly advanced stages in tail bud differentiation. ¢b, tail bud;
n, primary neural tube. x70 (modified with permission from
Schoenwolf 1979)

In most vertebrates, the cranial portion of the neural
tube, which will form the brain and most of the spinal
cord, is derived from the neural plate that forms after
gastrulation, through a process called primary neurula-
tion. Primary neurulation involves the bending of the
neural plate, which results in the formation of the neural
groove and flanking neural folds. The neural folds then
appose and fuse across the dorsal midline to form the
primary neural tube (Karfunkel 1974; Schoenwolf and
Smith 1990). Subsequent to primary neurulation, the
caudal or secondary neural tube develops by the cavita-
tion of a solid mass of cells, the tail bud, to form a
neurocoele.

Avians

The development of the tail bud has been most exten-
sively studied in the chick embryo. The tail bud begins
to form at approximately stage 11 according to the cri-
teria of Hamburger and Hamilton (1951), through the
consolidation of the remnants of Hensen’s node and the
primitive streak (Schoenwolf 1979; Schoenwolf and De-
Longo 1980; Schoenwolf and Smith 1990). At stages
13-14, the tail bud is an aggregate of cells at the caudal
limit of the embryo (Fig. 1). Differentiation proceeds in
a cranial to caudal direction, beginning with the forma-
tion of a solid midline cord of cells within the tail bud,
the medullary cord, flanked by paraxial mesoderm on
cither side (Fig. 2A). Subsequently, the cells of the med-
ullary cord become divided into two populations
(Fig. 2B). The peripherally situated population under-
goes a mesenchymal to epithelial transformation to form
a primitive neuroepithelium; while the centrally placed
cells retain their mesenchymal characteristics. Cavities
begin to form at the boundary between the two cells
populations (Fig. 2C; Schoenwolf 1979; Schoenwolf
and DeLongo 1980; Schoenwolf and Smith 1990). These
cavities enlarge while the central cells merge with the
peripheral cells, presumably by intercalation (Fig. 2D-
F). Further enlargement and subsequent coalescence of
the cavities result in a single lumen which becomes con-
tinuous with the neurocoele of the primary neural tube
(Criley 1969; Klika and Jelinek 1969 ; Hughes and Free-
man 1974; Schoenwolf 1977, 1978, 1979; Schoenwolf
and DeLongo 1980).

There is an added complication to the development
of the caudal levels of the neuraxis in chick embryos.
At the level of the posterior neuropore, there is a transi-
tional or overlap zone, within which both primary and
secondary mechanisms of neurulation operate (Schoen-
wolf 1979; Schoenwolf and DelLongo 1980; Dryden
1980). Dryden (1980) has described the morphology of
this zone as a double wedge. The dorsal aspect of this
zone is formed by the neural folds of the posterior neu-
ropore that lie above the medullary cord and tapers cau-
dally. The underlying medullary cord in turn tapers

Fig. 2A-F. Transverse sections through the tail bud and overlap
zone of a HH-stage 15 chick embryo, arranged in a caudal to
cranial sequence. x 180. A Section through the tail bud, showing
the solid medullary cord (mc), flanked by paraxial mesoderm (pm)
on either side. se, surface ectoderm. B Differentiation of the medul-
lary cord begins with the formation of two cell populations. The
arrowheads indicate mesenchymal cells that have undergone trans-
formation to form elongated primitive neurcectodermal cells. C
The transformed cells are found in the peripheral area (pc). The
centrally-located cells retain their mesenchymal characteristics. The
arrow in this and subsequent panels indicates the caudal end of
the primary neural tube lumen. D Cavitating medullary cord. Sev-
eral lumina are shown at the boundary between the peripheral
cells (pc) and central cells (cc). ¢, notochord. E Coalescence of
lumina and integration of central cells into the peripheral popula-
tion. F Late cavitation in the overlap zone, showing almost com-
plete fusion between the primary (p) and secondary (s) neural tubes
(modified with permission from Schoenwolf and DeLongo 1980)
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cranially, ventral to the neural folds. This overlap zone
gives rise to the lower lumbar and upper sacral segments
of the future spinal cord (approximately somites 28-34;
Constanzo et al. 1982), while the lower sacral and coccy-
geal cord levels are derived entirely from the tail bud.

Since the development of the lumbosacral levels of
the neural tube involves a very close spatial and tempo-
ral relationship between primary and secondary mecha-
nisms, and since pressure generated and exerted by the
fluid contained within the neurocoele is important in
primary necurulation, especially in the morphogenesis of
the brain, it has been suggested that subsequent to poste-
rior neuropore closure, pressure generated by this ‘neu-
ral tube fluid’ could initiate cavitation by erosion of
the medullary cord (Coulombre and Coulombre 1958;
Desmond and Jacobson 1977). However, Constanzo
et al. (1982) have shown that this probably is not the
case, and that development of the tail bud appears to
be autonomous.

Mammals

In most mammalian species studied, the development
of the tail bud is simpler than that in chicks. In rodents,
the tail bud is an aggregate of mesenchymal cells located
at the tip of the tail (Fig. 3) after closure of the posterior
neuropore. It is present at 10!/, to 11 days of gestation
(day of vaginal plug found in dam after mating=day
1). There is no formation of multiple cavities during
the course of its development. Instead, the lumen of the
primary neural tube extends caudally into the medullary
cord symmetrically, while the mesenchymal cells of the
medullary cord become radially arranged around it
(Fig. 4). Subsequently, the medullary cord cells sur-
rounding the lumen undergo a mesenchymal to epithelial
transformation to form the secondary neural tube (rat,

Fig. 3. The tail region of a 11!/, day mouse embryo. The tail
bud (#b) is located at the caudal end of the completely closed prima-
ry neural tube (7). x40 (from Schoenwolf 1984, with permission)

mouse, opossum, pig: Hughes and Freeman 1974;
mouse: Schoenwolf 1984; hamster: Shedden and Wiley
1987). As in the chick embryo, the sequence of events
proceeds in a cranial to caudal direction.

The development of the tail bud in humans is still
controversial. According to Lemire (1969) and Hughes
and Freeman (1974), who examined serial sections
through human embryos and reported the presence of
cavities within the tail bud, cavitation of the tail bud
occurs in a manner similar to that in chickens. Miiller
and O’Rahilly (1987), however, did not find multiple
cavities in their specimens and therefore, argued that
secondary neurulation in humans involves the gradual
and even extension of the primary ncurocoele into the
tail bud, in a process which resembles that described
in other mammalian species. They further argued that
there is no overlap zone of neurulation such as that
seen in chicks. The discrepancy in the observations may
have arisen because of differences in fixation and/or fixa-
tion artifacts that were present in the different specimens
examined. It is generally agreed, however, that the tail
bud in humans contributes to the sacral and coccygeal
levels of the spinal cord (Lemire et al. 1975; Miiller and
O’Rabhilly 1987); cord levels similar to those in chicks.

Amphibians

Development of the amphibian tail bud has been most
extensively studied in the primitive amphibians, the uro-
deles. In amphibians, however, what is described as the
tail bud is the caudal extension of more cranial structures
that give rise to the tail, which is a large part of the
embryo (Deuchar 1975; Jacobson 1988). There is no
caudally located aggregate of mesenchymal cells corre-
sponding to those in amniotes that differentiate subse-
quent to ‘primary body development’.

Lampreys (Cyclostomes)

According to Nakao and Ishizawa (1984), the tail bud
of the larval lamprey (Lampetra japonica) comprises two
adjacent cell populations (C1 and C2), arranged in a
cranial-to-caudal fashion. The caudal population (C1)
is a loose aggregate of polymorphous cells that extends
cranially as a sheet over the anterior group (C2). This
cellular sheet subsequently differentiates into somites.
The C2 cell population is a compact mass of horizontal-
ly-stacked cells that are elongated mediolaterally. The
upper one-third of these cells develops into the neural
tube; the middle one-third differentiates into the noto-
chord; while the remaining cells give rise to two other
chord-like structures, referred to as the subchord, and
an undefined cell cord. Neurulation begins in the upper
one-third of C2 cells with the formation of multiple cavi-
ties. As in chicks, these cavities enlarge and coalesce
to form a neurocoele or central canal. Simultaneously,
the C2 cells become radially rearranged around this de-
veloping lumen, and acquire apicobasal polarity to form



Fig. 4 A-F. Transverse sections through the tail bud of a mouse
embryo. They are arranged in a caudal to cranial order, showing
successive stages in secondary neurulation. x 190. A Solid tail bud
(tb). se, surface ectoderm. B Condensation of mesenchymal cells
around a focal point (arrowhead) which marks the site of the sec-
ondary neurocoele in more cranial sections. C Appearance of lu-
men (arrowhead) surrounded by condensation of cells. D, E Sec-
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tions at more cranial level, representing a more advanced stage
in development. The lumen (arrowhead) is surrounded by radiating
cells which are undergoing mesenchymal to epithelial transforma-
tion to form a neuroepithelium. These cells in transition are known
collectively as a medullary rosette. F Section through the secondary
neural tube (#). A notochord (n) and tail gut (g) are also present
(modified with permission from Schoenwolf 1984)
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a neural tube that comprises a single layer of columnar
cells.

There is however no overlap zone of neurulation in
lampreys as in chicks, since the entire neural tube devel-
ops by cavitation. There is no classical primary neuraxis
development; the entire neural tube is formed by the
hollowing out of a solid rod of cells, in a fashion similar
to that in secondary neuraxial development (Weiss 1971).

There is yet another feature in the differentiating lam-
prey tail bud that is absent in chicks: there is an opening
in the dorsum of the neural tube near its caudal limit.
The significance of this opening, which is continuous
with the connective tissue space, is unknown.

Remodelling of the tail bud

After the initiation of cellular differentiation, and attain-
ment of maximum length, the tail bud undergoes exten-
sive remodelling. A study by Tibbles and Wiley (1988)
suggests that in mammals at least, the final contribution
of the tail bud to different levels of the neonate budy
appears to be related to whether or not the particular
species has a tail. In general, the tail bud in species with
reduced tails or no tails such as chickens (Constanzo
et al. 1982), hamsters (Shedden and Wiley 1987) and
humans (Miller and O’Rahilly 1987), gives rise to the
lower lumbar, sacral and coccygeal levels of the spinal
column and related axial structures. In long-tailed spe-
cies, the contribution of the tail bud to the neonate axis
appears to be minimal.

In chicks, the tail bud reaches its maximum length
at approximately Hamburger-Hamilton (1951) stage 25
(between 4 and 5 days of incubation), after which it
undergoes remodelling (Schoenwolf 1981 ; Mills and Bel-
lairs 1989). According to Schoenwolf (1981), remodelling
consists of three events:

1. Differential growth occurs between the tip of the tail
and the more anterior regions.

2. The anterior regions become incorporated into the
caudal portions of the trunk.

3. Cell death occurs at the tip of the tail.

These processes result in the loss of the distal portions
of the tail (which includes the still undifferentiated tail
bud mesenchyme) with the retention of the more proxi-
mal region as the definitive ‘tail’ in the neonate.

The observations of Schoenwolf (1981) were corrobo-
rated by the reports of Smith and McLachlan (1989)
that the tail bud begins production of mitotic inhibitors
at stage 18 (3 days of incubation) and continues this
until stage 6 (day 4-5), the time when lengthening stops
and regression begins. Conversely, high pyknotic rates
were reported at stage 25 (Mills and Bellairs 1989). It
has been suggested that the increasing cell death towards
the tip of the tail prevents the extension of somitogenesis
into the tip of the tail, resulting in a region of unseg-
mented mesoderm during normal development (Sanders
et al. 1986; Bellairs 1986; Bellairs and Sanders 1986).

The final contribution of the tail bud to the caudal
neuraxis after remodelling appears to be related to the
susceptibility of that particular species to caudally local-
ized neural tube defects/spina bifida (Hughes and Free-
man 1974; Dryden 1980; Tibbles and Wiley 1988).

Histogenetic potential of the tail bud

There have been numerous attempts to define the histo-
genetic capacity of the tail bud. Early studies in which
the entire caudal region of the chick embryo containing
the tail bud was grafted onto the chorioallantoic mem-
brane (Seevers 1932) or in a slit at the base of wing
buds (Fox 1949) of homotypic host embryos suggested
that the tail bud could only give rise to generalized tail
structures, but not notochord or neural tube. Criley
(1969), however, by extirpation of the anterior portion
of chick tail buds showed that the isolated posterior
portions were able to differentiate into neural tubes.
Later studies by Schoenwolf and his co-workers using
tritium-labelled homografts (Schoenwolf 1977), extirpa-
tion experiments (Schoenwolf 1978) and chick-quail he-
terografts (Schoenwolf et al. 1985) showed that the chick
tail bud was capable of differentiating into neural tube,
neural crest derivatives such as ganglia and nerve fibres,
cartilage, muscle and vascular elements. These same
structures were reported in isolated chick tail buds that
were grown as grafts in the coelomic cavities of homo-
typic host embryos (Griffith and Wiley 1989a). In addi-
tion, however, kidney tubules were observed in the coe-
lomic grafts. We have recently found that isolated chick
tail bud mesenchyme, under appropriate conditions in
culture, can give rise to a variety of cell types comparable
to those seen in situ (Griffith and Sanders 1991). These
include myocytes, chondrocytes, neuroepithelium and
neural crest derivatives (such as melanocytes), the differ-
entiation of which appears to be influenced by substra-
tum adhesiveness and the extracellular matrix (see be-
low).

As mentioned earlier, the caudalmost region of the
tail bud mesenchyme, although it forms somitomeres,
does not segment into somites. Krenn et al. (1990) have
shown that this mesenchyme differs from the more ros-
tral regions of the segmental plate by its failure to differ-
entiate into myogenic and chondrogenic cells in grafted
tissue. These authors therefore consider the tail bud mes-
enchyme as a structure distinct from the segmental plate.

The histogenetic potential of the rodent tail bud was
examined by Tam (1984), who grafted mouse tail buds
to the kidney capsules of adult homotypic hosts. He
reported the development of neural tube, its surrounding
cartilage and musculature, ganglia, nerve fibres and
blood vessels. In addition, the tail bud is believed to
give rise to the caudal levels of the notochord (Gajovic
et al. 1989) and tail gut (Svajger et al. 1985). However,
the structures developing from the tail bud in long-tailed
rodents such as mice, are at levels that normally regress
during subsequent fetal development (Tibbles and Wiley
1988).

Factors influencing tail bud differentiation
Changes in glycoconjugate expression

It has been well established that many of the complex
cellular rearrangements and interactions of morphogen-
esis and differentiation are triggered by the interactions
of the carbohydrate moieties of cell surface glycoproteins



Table 1. Lectin specificities

Glucose/mannose group: Inhibitors: p-Glc; p-Man

Con A aMan > aGle > GleNAc
LCA oMan > aGle > GlcNAc
PSA o«Man > aGlc=GlcNAc

N-acetylglucosamine group: Inhibitor: GleNAc

WGA GlcNAc(p1-4GIcNAc), , > pGlcNAc> NeuSAc
sWGA AGIcNAc

N-acetylgalactosamine/galactose group:
Inhibitors: GalNAc; p-Gal; S-lactose

DBA GalNAca1-3GalNAc>» aGalNAc
SBA o and fGalNAc>« and fGal
SJA « and fGalNAc>a and pGal
BSL-1 (=GSA-1) «GalNAc> aGal

PNA Galp1-3GalNAc>«a and pGal
RCA-1 pGal>aGal> GalNAc

PVE o and fGalNAc

PVL o and fGalNAc

L-fucose group: Inhibitor: L-Fuc

UEA-1 ar-Fuc

and/or glycolipids (reviewed by Moscona 1974; Mura-
matsu 1988a, b; Bourrillon and Aubrey 1989; Sanders
1989). Cell-cell recognition, which often leads to the for-
mation of selective contacts that enable cells to associate
into tissues, depends largely on the expression of specific
macromolecules associated with the cell surface (Mos-
cona 1974; Edelman 1983). There is evidence that cell
surface glycoproteins and their modifications during the
course of cell differentiation, play fundamental roles
during various phases in embryogenesis (Thiery et al.
1982; Edelman 1983; Sanders 1986a, b).

During the differentiation of the tail bud into the
secondary neural tube and other caudal axial structures
in chicks and in mice, there are sequential changes in
the distribution of cell surface and extracellular matrix
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glycoconjugates, as revealed by lectin histochemistry
(Griffith and Wiley 1989b, 1990a). Lectins are proteins
and glycoproteins of non-immune origin that recognize
and bind in an antibody-like fashion to specific sugar
residues. The changes in distribution of several particu-
lar lectins show a correlation with events occurring dur-
ing secondary neurulation. Table 1 shows the binding
specificities of various lectins to sugar residues. The lec-
tins, wheat germ agglutinin (WGA), peanut agglutinin
(PNA), and the mannose/glucose-binding lectins, conca-
navalin A (Con A), Lens culinaris agglutinin (LCA) and
Pisum sativum agglutinin (PSA) (Damjanov 1987),
showed the most interesting binding patterns during the
differentiation of the tail bud in both chick and mouse
embryos. A summary is given in Tables 2-4.

In general, there was a decrease in lectin binding with
increasingly advanced stages in development, as shown
by serial sections through the tail bud. Since differentia-
tion proceeds in a cranial to caudal fashion, sections
viewed in a caudal to cranial sequence would represent
increasingly advanced stages in development. In the un-
differentiated tail bud and solid medullary cord, the lec-
tins were homogeneously bound. At the start of differen-
tiation and cavitation, however, except for PNA, the
lectins became bound to the peripheral cells of the med-
ullary cord. The central cells were cither more lightly
stained or unstained. Regions where cavities appeared
during subsequent development were marked by foci of
lectin binding. This pattern was especially striking in
sections stained with WGA. In the case of PNA, the
reverse happens during medullary cord differentiation.
The central cells but not the peripheral cells retain their
affinity for PNA. This may be explained by results of
other studies which suggest that PNA tends to bind to
developmentally and/or functionally immature cells and
tissues (Aulthouse and Solursh 1987).

The changing patterns of lectin binding were more
striking in chick embryos than in mouse embryos (Ta-
ble 4; Griffith and Wiley 1989b), which may be in keep-
ing with the more complex mode of secondary neurula-
tion in chick embryos. As in the chick embryo, there.
was a general gradual decrease in lectin staining with

Table 2. Binding of lectins in the chick tail bud during HH stages 13-15*

Lectin Solid Cavitating medullary cord Secondary portion of Notochord

medullary neural tube

cord Luminal Basal PC CC Ventral Basal Cells

border border margin  Luminal Basal Cells border
border border

Con A + - + + + - + + - ++
LCA ++4++ +++++ +++++ ++++ +++  ++++ +t+++ Attt b FE A A
PSA  ++ +++ ++ ++ + — +++ ++ +++ ++
PVE  ++ +++ +++ ++ + +++ - ++ - +
RCA +++4+  +4+++ ++++ ++ ++ +++ 4+ +++ +++  ++++ e+
WGA +++ 4+ +++ ++ + ++++ +++ +++ ++ ++++ 4+
SWGA + + + - - +++ +++ - + +
PNA ++4++ ++++ ++++ + e F+++ e+ o+ e+t ++

® Staining intensity is based on a subjectively estimated scale from + to + + + + +, with — being negative and + + + + + being

most positive
PC, peripheral cells; CC, central cells
From Griffith and Wiley (19902)
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Table 3. Binding of lectins in the chick tail bud during HH stages 17-19*

Lectin Cavitating tail bud Mature secondary Notochord

(caudalmost region of tail) neural tube

Basal Cells

Luminal Basal PC CC Ventral Luminal Basal Cells border

border border margin border border
Con A - + + + + - + - + +
LCA ++ ++++ e+ ++++ +++ e+ 4+
PSA ++ +++ ++ + +++ +++ +++ ++ +++ +++
PVE + + - - - + +++ - ++ -
RCA ++ +++ ++ ++ ++ ++ +++ ++ +++ ++
WGA ++ +++ ++ + ++4+ ++ ++ + +++ +
SWGA + + - - - + + - + -
PNA ++ + 4+ + ++ ++ + -+ +++ - ++ -

® Staining intensity is based on a subjectively estimated scale from + to + + + + +, with — being negative and + + + + being most

positive
PC, peripheral cells; CC, central cells
From Griffith and Wiley (1990a)

Table 4. Binding patterns of different lec-

tins to the various tissues of the mouse Lectin Secondary neural tube Notochord ngeloping
tail bud during secondary neurulation ] tail gut
Cells Luminal Abluminal
border border
WGA ++ ++++ +++ ++ +
SWGA ++ o+ - +++ ++
LCA At e+t 4+ o o
PSA ++ ++ - +++ +++
Con A + - — + +
PNA + +++ + 4+ - -
RCA + +++ + +4 +
BSLI T ++ — T T
DBA — - — — -
PVE T ++ - T T
PVL T — — T T
SBA T ++ - T T
STA — — — — —
UEA — — — — -

Staining intensity is based on a subjectively estimated scale from + to -+ 4+ +, with
— being negative and + + + + being most positive

T, trace

From Griffith and Wiley (1989b)

increasingly advanced stages in development. In addi-
tion, a small area of lectin staining present in morpho-
genetically homogeneous tail buds marked the position
of the neurococle that is present in more advanced stages
of differentiation.

Sialoconjugates, N-CAM and tail bud development

In order to determine whether the sequential changes
of glycoconjugates observed during normal development
are indicative of their possible role in tail bud develop-
ment, Griffith and Wiley (1990b) administered a variety
of lectins to chick embryos during early stages of tail
bud development, by microinjection. Specific caudal ax-
ial defects involving the neural tube and notochord were
elicited by exposure of developing tail buds to the lectin

WGA. The most commonly observed defects were the
presence of accessory neural tube or notochord seg-
ments, and notochord-neural tube fusions. The incidence
of malformation was dependent upon both the dose of
WGA received and the stage of development at the time
of treatment. In addition, there was a correlation be-
tween the binding of the lectin to affected tissues (as
visualized using an anti-lectin antibody) and the abnor-
mal development of the tail bud (Fig. 5).

The lectin WGA binds to sialic acid residues of glyco-
conjugates as well as to N-acetylglucosamine (Damjanov
1987). However, its effects on tail bud development ap-
peared to be related to its affinity for sialic acid residues,
because treatment of embryos with Limulus polyphemus
lectin (LPL; with only sialic acid specificity) resulted
in similar defects, but treatment with succinylated WGA
(sWGA; with only N-acetylglucosamine specificity) or



lectins with other sugar specificities, produced defects
that differed from those of WGA or LPL, and only
at much higher doses. Hence, it is most likely that the
effects of WGA were due to its affinity for sialic acid
residues. These results suggest an important role for gly-
coconjugates in general, and sialoconjugates in particu-
lar, in the differentiation of the tail bud.

As sialic acids are ubiquitous molecules, trying to
associate the sialic acid residues disrupted by WGA-
binding with specific molecules of the cell surface and/or
extracellular matrix poses a problem. As a preliminary
step in an attempt to solve this problem, Griffith and
Wiley (1991) compared the sequential changes in distri-
bution of sialic acid residues during chick secondary neu-
rulation, as visualized using WGA, to the changes in
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Fig. 5A, B. Sections through embryos stained
with an antibody to wheat germ agglutinin
(WGA). x200. A Saline-treated control. #,
neural tube; ¢, notochord. B Embryo pre-
viously injected with WGA. Dark spots rep-
resent areas of lectin binding. These were
found in areas where defects occurred. The
abnormal fusion of an accessory fragment of
notochord (c) to the neural tube is indicated
by the arrowhead (from Griffith and Wiley
1990b)

distribution of the neural cell adhesion molecule, N-
CAM, during tail bud development. N-CAM, was cho-
sen as a possible macromolecule that was recognized
and affected by WGA, because it is known to be asso-
ciated with large amounts of sialic acid residues, ar-
ranged in homopolymeric chains, known as polysialic
acid (PSA).

There are several forms of N-CAM. The form that
is predominant in immature tissues contains up to 30%
by weight of polysialic acid (Rutishauser et al. 1985;
Rutishauser and Goridis 1986; Klein et al. 1988 ; Rutis-
hauser et al. 1988). In the early development of the chick
central nervous system, the form of N-CAM with a low
PSA content is believed to maintain the integrity of the
tissue under conditions of mechanical stress, ¢.g. folding



Fig. 6 A-D. The effect of various ECM components, used as sub-
strata, on the differentiation of tail bud mesenchyme in culture.
A Explant grown on laminin for 6 days and stained for N-CAM.
N-CAM-positive neurites () are present as well as elongated cells
(arrowheads), which may represent neuroepithelial cells. x180. B
Explant on laminin after 6 days in culture, showing neurites posi-

of the necural plate to form primary neural tube (Sun-
shine et al. 1987). This is achieved by increasing cell-cell
contact through homophilic binding of N-CAM mole-
cules on one cell to those on a neighbouring cell, thus
facilitating any further interactions between the cells
(Rutishauser et al. 1988). The highly sialylated form of
N-CAM, on the other hand, prevents membrane apposi-
tion and cell-cell contact by steric hinderance provided
by its long PSA chains. This would allow cells to under-
go morphogenetic movements and other rearrangements
which require flexibility (Sunshine et al. 1987; Rutis-
hauser et al. 1988).

Similarities in the distribution of WGA-bound sialic
acid residues (Griffith and Wiley 1990b) and N-CAM
molecules (Griffith and Wiley 1991) were found in differ-
entiating chick tail buds at various stages. In both cases,
staining with the lectin and anti-N-CAM antibody was
more evident in the peripheral cells of the differentiating
medullary cord than in the central cells. The apices of
peripheral cells which make up the linings of lumina

tive for the HNK-1 antibody. x 180. C Explant after 6 days on
fibronectin, showing the formation of an epithelioid sheet. Only
a few neurites are present, and only in a very small proportion
of cultures. x100. D Tail bud mesenchyme on type I collagen,
after 6 days in culture, showing myoblasts stained with an anti-
desmin antibody. x 180 (see Griffith and Sanders 1991)

that form during cavitation of the medullary cord were
also intensely stained by both the lectin and the anti-
body.

Administration of WGA, LPL or a polyclonal anti-
N-CAM antibody by sub-blastodermal injection under
the tail bud, induced morphologically comparable mal-
formations of the caudal axis. Administration of either
the lectin or anti-N-CAM antibody induced the presence
of accessory neural tube lumina, abnormal branching
of the notochord, abnormal neural tube-notochord fu-
sions and projections of neural tube and/or notochord
tissues into the gut (ourenteric outgrowths). While the
results of this study do not prove that N-CAM is in-
volved in the development of the secondary neural tube
and other associated tail bud-derived structures, they
nevertheless show correlations between the distribution
of WGA-binding sialic acid residues and N-CAM mole-
cules during tail bud differentiation, and also the devel-
opment of comparable caudal axial defects in response
to either administration of WGA or an anti-N-CAM



antibody as a teratogen during tail bud development.
This leaves open the possibility that N-CAM may be
involved in secondary neurulation.

According to Rutishauser et al. (1988), the PSA por-
tion of the N-CAM molecule on its own can regulate
cellular interactions that involve molecules other than
N-CAM. For example, in neurite outgrowth from the
dorsal root ganglion, removal of PSA from the N-CAM
molecule with an endoneuraminidase, endo-N, resulted
in increased fibre-fibre adhesion (Rutishauser et al.
1988). Comparison of the distribution of PSA with that
of the whole N-CAM molecule showed that at early
stages of tail bud differentiation (HH stages 13-15), N-
CAM was localized to the apices of peripheral cells that
form the borders of the lumina during cavitation, while
antibody binding to PSA was minimal. The use of unspe-
cified polyclonal antibody showed localization of N-
CAM to the ventral horn and floor plate of the mature
secondary neural tube, while the use of a monoclonal
antibody against N-CAM containing long chains of
PSA, the 5AS5 antibody, showed localization primarily
to the floor plate (Griffith and Wiley 1991). It is of
some interest to note that the floor plate area was the
portion of the neural tube that was always involved in
neural tube-notochord fusions, or was completely re-
placed by a notochord segment.

Effects of extracellular matrix components

The macromolecules of the extracellular matrix are im-
portant factors in embryonic differentiation, and have
been demonstrated to exert profound effects in many
systems (Hay 1981; Sanders 1989). As the extracellular
matrix has been known to maintain the differentiated
state of various epithelia (Beck et al. 1990), we tested
the ability of its various components to support the me-
senchymal to epithelial transformation of tail bud me-
senchymal cells into neuroepithelium in culture (Griffith
and Sanders 1991). Several of the matrix components
tested were found to favour the differentiation of cell
types distinct from the morphologically homogeneous
mass of explanted tail bud mesenchymal cells. The ef-
fects of the different substrata used are summarized in
Tables 5 and 6.

Laminin, which is a glycoprotein and major compo-
nent of the basement membrane, mediates cellular at-
tachment and maintains the differentiated state of epi-
thelial and endothelial cells (Beck et al. 1990). It is also
one of the most potent promoters of neurite outgrowth
(Manthorpe et al. 1983; Rogers et al. 1983; Edgar et al.
1984, 1988). In our cultures, laminin, apart from sup-
porting extensive fibroblastic outgrowth from tail bud
mesenchyme, also promoted the differentiation of neu-
roepithelium, neural crest derivatives (neurons, melano-
cytes) and mesoderm derivatives (muscle). Matrigel
(basement membrane gel, Collaborative Research),
which contains mainly laminin and type IV collagen,
had the same effect as laminin. In addition, however,
chondrogenic foci were found in several tail bud explants
cultured on Matrigel.
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Table 5. Epithelial vs mesenchymal differentiation of tail bud mes-
enchyme cells explanted onto various ECM components as substra-
ta

ECM component Tail bud derivatives
Fibroblasts Epithelium Neuro-
epithelium

Fibronectin — + +/—
Laminin + - +
Matrigel + - +
Collagen I + - -
Collagen IV + - -

+, cell type present; —, absent

Table 6. Effect of ECM components in the promotion of differenti-
ation into mesodermal and neural crest derivatives

ECM component  Mesodermal Neural crest

derivatives derivatives

Muscle  Cartilage  Neurons  Melano-

cytes

Fibronectin + - +/— -
Laminin + — + +
Matrigel + + + +
Collagen I + + ~ -
Collagen IV + - + -

+, cell type present; —, absent

The ability of these cultures to differentiate into myo-
genic and chondrogenic cells, argues in favour of the
possibility that the tail bud mesenchyme initially con-
tains such cells but they are subsequently lost in situ,
since grafted tail bud tissue does not give rise to muscle
or cartilage (Krenn et al. 1990).

Fibronectin is a cell attachment glycoprotein that is
found in the extracellular matrix. On fibronectin, the
tendency was for outgrowing cells to acquire an epithe-
lioid morphology.

Collagens, types I and IV, promoted myogenesis but
not neurite outgrowth. In addition, type I collagen,
which is an interstitial collagen, also promoted chondro-
genesis. Type IV collagen, which is located only in base-
ment membranes, however, did not support formation
of chondrogenic foci.

The development of the tail bud in culture therefore
compares favourably with that in situ, and is greatly
influenced by components of the extracellular matrix.

Concluding remarks

We have shown that the tail bud mesenchyme, by virtue
of its pluripotent nature, can provide a valuable and
accessible model for the study of cell differentiation. Its
pluripotency is demonstrated by both in vivo grafting
techniques and in vitro culture by its remarkable ability
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to differentiate into cell and tissue types that elsewhere
in the body are derived from the three classical germ
layers. The pluripotent nature of this tissue may be relat-
ed to its origins from the primitive streak and Hensen’s
node, and as such, it may afford insights into the mecha-
nisms of the epithelial-to-mesenchymal and mesenchy-
mal-to-epithelial cell transformations that characterize
early development.

The development of the neural tube in cyclostomes
(considered to be evolutionarily ancient), by hollowing
out of a solid rod of cells, suggests that the process
of secondary neuraxial development from the tail bud
in other vertebrate classes may represent the remnants
of a process that has been spared by evolution.
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